Transmission electron microscopy study of very low-grade metamorphic rocks in Cambrian sandstones and shales, Ossa- Morena Zone, Southwest Spain by López-Munguira, Aurora & Nieto, F.
Clays and Clay Minerals, Vol. 48, No. 2. 213-223. 2000. 
TRANSMISS ION ELECTRON MICROSCOPY STUDY OF VERY 
LOW-GRADE METAMORPHIC ROCKS IN CAMBRIAN SANDSTONES 
AND SHALES, OSSA-MORENA ZONE, SOUTHWEST SPAIN 
A. LOPEZ-MUNGUIRA l AND F. NIETO 2 
l Area de Cristalograffa y Mineralogfa, Facultad de Ciencias, Universidad e Extremadura, 
Avda. de Elvas s/n, 06071-Badajoz, Spain 
2 Departamento de Mineralogfa y Petrologfa nd I.A.C.T., Universidad e Granada-CSlC, 
Avda. Fuentenueva s/n, 18002-Granada, Spain 
Abstract--This tudy examines the evolution of the texture, structure, and chemical composition of rocks 
derived from clastic materials of the Ossa-Morena Zone (Hesperian Massif, Spain). Previous studies of 
phyllosilicates in these rocks (by X-ray diffraction, scanning electron microscopy with energy-dispersive 
X-ray analysis, and electron microprobe) indicated a temperature decrease from bottom (epizone condi- 
tions) to top (diagenefic onditions) of the rock section. 
At the nanometer scale, phyllosilicate packets form large angles where grains intersect with no preferred 
orientation. With metamorphic grade, packets are wide and defect free, compared to packets at lower 
grade. These packets are -15  layers under diagenetic onditions to >80 layers in the epizone. Diocta- 
hedral K-rich micas (muscovite, phengite, and illite) have coexisting 1M d, 1M, and 2M polytypes. Long- 
period polytypes of 4, 5, and 6 layers are reported for the first time in dioctahedral K-rich micas. The 
chemical compositions of the micas are nearly identical in the anchizone and the diagenetic zone, com- 
prising an illitic (0.8 atoms per formula unit, a.f.u., of K) and a phengitic omponent (0.15 a.f.u, of Mg 
and 0.13 a.f.u, of Fe). Fe may correspond to a ferrimuscovitic substitution. Epizone samples have a high 
phengitic ontent (Mg = 0.24 a.f.u.) and almost no illite component. One diagenetic sample has coexisting 
berthierine, trioctahedral chlorite, sudoite, and corrensite. Berthierine and chlorite are identical in com- 
position. Because of the clastic nature of the system, the composition of corrensite is not typical of other 
corrensites, with higher A1 content, Fe/Mg ratio at --1, and K as the exchangeable cation. 
Textural differences between the diagenetic zone and the anchizone are the progressive increase in the 
size of dioctahedral K-rich mica grains, which involves an increasing illite crystallinity based on the 
Kiibler index. The chemical compositions of these micas are illite (diagenesis and anchizone) and phengite 
in the epizone. There are no intermediate phases, suggesting a compositional gap between illite and 
phengite. The coexistence of different polytypes of dioctahedral K-rich micas and the absence of chemical 
homogeneity indicate disequilibrium in the Cambrian pelitic rocks studied. 
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INTRODUCTION 
The detai led knowledge of the texture and chemis-  
try of mineral  phases in pelitic sediments affected by 
diagenesis and/or very low-grade metamorph ism re- 
mains incomplete owing to the structural defects in 
these phases. Moreover, f ine-grain size requires so- 
phist icated techniques for study, such as high-resolu-  
t ion electron microscopy (HRTEM)  and analytical 
electron microscopy (AEM).  In recent years, HRTEM 
studies have been performed on numerous " type"  
rock sequences (with wel l -known condit ions of  for- 
mation) to clarify the chemical  and microstructural  
changes that occur dur ing diagenesis and incipient 
metamorphism.  Examples of such studies include se- 
quences in the Gul f  Coast (e.g., Ahn and Peacor, 
1986), Salton Sea (Yau et al., 1987), North Sea (Lind- 
green and Hansen, 1991), Basque-Cantabr ian Bas in  
(Nieto et aL, 1996), Diablo Range (Dalla-Torre et al., 
1996), and Cornwal l  (Warr and Nieto, 1998). These 
studies focused on the signif icance of  the original sed- 
iment l ithology, the subsequent tectonic history, and 
other factors. 
The l i thology of these sequences is fine grained. 
There is therefore a lack of understanding of the effect 
of  sandier l ithologies, where the mineralogical  changes 
occurr ing dur ing diagenesis to low-grade metamor-  
ph ism may be different f rom f ine-grained sequences. 
For instance, in sequences with larger grain-s ize li- 
thologies there is incomplete dissolut ion of grains and 
precipitat ion of new phases (Lee et al., 1985). Also, 
greater permeabi l i ty  al lows a h igher f lu id/sediment ra- 
tio, with a consequent  dominance of dissolut ion/neo- 
format ion processes (Yau et al., 1987). 
L6pez-Mungui ra  et al. (1998) descr ibed a volcano-  
sed imentary  cont inuous  Cambr ian  s i l ty -sandy se- 
quence in the Hesper ian Mass i f  of  Southwest  Spain. 
The evolut ion of the sequence shows an increase in 
metamorph ic  grade f rom top to bot tom (establ ished by  
IC, i l l ite crystal l inity), ranging f rom diagenesis to ep- 
izone. Moreover,  in chlor ite f rom basic rocks associ- 
ated with the sequence, they found a decrease in smec- 
tite layers toward the bot tom (concomitant  with an ap- 
parent temperature increase). These authors deter- 
mined that the coexistence of  1M and 2M polytypes 
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Figure 1. Representative backscattered image of the t xture 
of the Zafra clastic rocks. No significant differences in t xture 
can be recognized at SEM scale from bottom to top of the 
sequence. Diagenetic sample (C90-7). AB = albite; Q = 
quartz; FK = potassium-rich feldspar; MS = muscovite; PH 
= phengite; RU = futile. 
of the dioctahedral micas in the less-metamorphosed 
samples demonstrated disequilibrium at the top of the 
series. Thus, the genetic relationship between the poly- 
types of this sequence is complex. 
This study involves a detailed analysis of the tex- 
ture, structure, polytype, and chemical composition of 
phyllosilicates using HRTEM/AEM to determine the 
effect of metamorphism as applied to sandy sequences. 
Representative clastic samples (L6pez-Munguira etaL, 
1998) were obtained from the Cambrian series based 
on data from X-ray diffraction (XRD) and scanning 
electron microscopy (SEM). The composition and mi- 
crostructures of the phyllosilicates at different meta- 
morphic grades were compared. 
MATERIALS AND METHODS 
The Cambrian rocks from Northwest Zafra, Ossa- 
Morena Zone, southwest Spain (Julivert et al., 1974) 
are composed of clastic and volcanic materials. Detri- 
tic lithologies consist of terrigenous sediments (arkos- 
es) at the base of the series and sandstones and shales, 
deposited in a shallow-marine platform environment, 
near the top. The main deformational phases are Her- 
cynian in time and these deformational phases pro- 
duced very low-grade regional metamorphism. The 
mineral assemblage is quartz, albite, dioctahedral 
mica, chlorite, and berthierine, with ruffle, zircon, py- 
rite, apatite, and hematite as accessory minerals. Tex- 
tures consist of elongated mica crystals surrounding 
quartz and albite crystals. The matrix, comprising 
mica and other phyllosilicates, is submicron in size 
and unresolved at the SEM scale (Figure 1). 
The metamorphic evolution of these rocks was stud- 
ied by L6pez-Munguira et aL (1993, 1996, 1998). 
They obtained the crystal-chemical parameters 
[d(001), b cell parameter, d(00l)-intensity ratios, and 
illite-cystallinity index, IC] of phyllosilicates by XRD. 
SEM and energy dispersive X-ray (EDX) analyses of 
selected areas were also made, as well as electron mi- 
croprobe studies of metamorphic minerals in the vol- 
canic rocks. Nevertheless, the composition and tex- 
tures of the matrix-forming phyllosilicates below the 
resolution of the SEM remains poorly known. The 
phengite and muscovite IC data are of three types: (1) 
micas from the Basal Cambrian have an average 1C 
value of 0.25(4) A~ (2) in the remaining Lower 
Cambrian, the average IC value is 0.38(5) A~ and 
(3) Middle-Upper Cambrian micas have an average IC  
value of 0.50(7) A~ 
Clastic samples representing this sequence were 
chosen for HRTEM study based on XRD and SEM 
data: one sample fl'om the basal Cambrian correspond- 
ing to epizone (ZL-11); one from the Lower Cambrian 
corresponding to anchizone (LP-6); and two from the 
Middle-Upper Cambrian corresponding to diagenetic 
conditions (C90-7 for the Middle Cambrian and C91- 
25 for the Upper Cambrian). Samples C91-25 and 
C90-7 were selected owing to their different compo- 
sitions and mineralogies. 
TEM 
Samples were prepared as thin sections mounted 
with Canada Balsam oriented approximately normal to 
bedding. Thin sections were examined using optical 
microscopy and SEM. Samples were ion thinned using 
a Gatan 600 ion mill and carbon coated. A Philips 
CM-20 scanning transmission electron microscope 
(STEM) equipped with an ultrathin window EDX de- 
tector (Centro de InstrumentaciSn Cient/fica, C.I.C., 
Granada University) was used. Quantitative analyses 
were obtained only from thin edges, using a 70-A 
beam diameter and a 1000 • 200-,~ scanning area, 
with the long axis oriented parallel to the phyllosilicate 
packets. The sample was tilted 20 ~ toward the detector, 
to give an X-ray take-off angle of 34 ~ Albite, biotite, 
spessartine, muscovite, olivine, titanite, SO4Ca, and 
SO4Mn standards were used to obtain K-factors for the 
transformation f intensity ratios to concentration fol- 
lowing Cliff and Lorimer (1975) and Champness et al. 
(1981). Oxygen was not measured quantitatively. For- 
mulae were determined from atomic concentration ra- 
tios based on the number of oxygen atoms in the ideal 
formula. ~VA1 was calculated by difference from Si and 
VIA1 = Altota t - WA1 '
Alkali loss, especially K, is a significant problem in 
the analysis of clay minerals (Van der Pluijm et al., 
1988). Comparison of analyses obtained for counting 
times of 15-100 s showed that shorter counting times 
gave improved reproducibility for these elements; 
therefore, counting times of 15 s were used for alkali 
analysis (Nieto et aL, 1996). Moreover, powders were 
prepared using holey C-coated Cu grids for AEM of 
phyllosilicates to minimize alkali-loss problems. Indi- 
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Figure 2. Lattice-fringe image showing a typical texture of 
the Zafra clastic rocks. Anchizone sample (LP-6). 
vidual crystals, examined by single-crystal electron 
diffraction, were analyzed using a 1 • l txm scanning 
area. Both sets of data were used jointly as the pow- 
dered samples offer better analytical quality, but the 
ion-milled samples can relate texture information of 
the grain analyzed. 
RESULTS 
At low magnification, TEM showed no differences 
in texture among distinct samples. Generally, grains 
have no preferred orientation and the phyllosilicate 
packets are crossed, forming large intergrain angles 
(Figure 2). Below we describe the results obtained by 
HRTEM for each sample. 
ZL-11 
This sample is representative of the Basal Cambri- 
an. The parameters established by L6pez-Munguira et
al. (1998) for this section are IC  = 0.25(4) A~ and 
b = 9.033(6) A, indicating epizone conditions and an 
intermediate pressure regime. The phyllosilicates are 
almost exclusively phengite. The crystals consist of 
packets ome 80-150 layers thick, which cross to form 
wide angles. Crystalline defects of note are curved 
layers and abundant low-angle edges. The dominant 
polytype is 2M, although polytype 1M also occurs in 
appreciable amounts. In the same areas, 20-,~ period- 
icity is recognized within a packet showing a 10-A 
general periodicity. The thickness of such packets is 
variable between 10-40 layers. L6pez-Munguira et al. 
(1998) found no evidence of the 1M polytype in the 
epizone sample by XRD. 
Relatively large (>0.5 Izm wide), defect-free crys- 
tals have apparent long-period sequences, with 4, 5, 
and 6 layers (Figure 3). The coexistence of these se- 
quences is recognized, and they show lattice continu- 
ity. The four-layer sequence shows k ~ 3n reflections 
with a periodicity of 40 ,~, and the k = 3n reflections 
have a periodicity of 10 A. This is similar for the 50- 
9 ~ (5 layers) and 60-A (6 layers) sequences, which may 
be related to the combination of simple polytypes uch 
as (3 + 1,2 + 2) = 40A, (2  + 3 ,2  + 2 + 1) = 50 
,~, or (2 + 2 + 2, 3 + 3) = 60 A. Lattice-fringe images 
suggest that the layer combination is (3 + 1) = 4, (2 
+ 3) = 5, and (2 + 2 + 2) = 6, respectively. Nev- 
ertheless, actual stacking sequences cannot be defined 
by using one orientation of the crystal. Identification 
of true sequences rather than apparent sequences re- 
quires a minimum of two reciprocal nets containing 
b* or the pseudo-b* axis (Iijima and Buseck, 1978). 
Ross et al. (1966), Baronnet and Kang (1989), and 
Baronnet (1992) have shown that monoclinic sym- 
metry is more common than triclinic symmetry, al- 
though more study is required to show this here. To 
our knowledge, this is the first reported occurrence of 
these polytypes in natural muscovites-phengites, al- 
though they were reported in other dioctahedral (Ahn 
et al., 1985) and trioctahedral micas, particularly bio- 
tites (Ross et al., 1966; Baronnet and Kang; 1989; Bar- 
onnet, 1992). 
LP-6  
This sample is representative of the Lower Cambri- 
an. The phengite crystal-chemical data obtained by 
L6pez-Munguira et al. (1998), IC  = 0.38(5) A~ and 
b = 9.011(5) ,~, place this section in the anchizone, 
within an intermediate pressure regime. The illite crys- 
tals tend to form without preferred orientation. There 
are crossed packets with a variable number of layers 
(40-100), curved layers, and frequent displaced edges 
(Figure 2). Apparent 2M and 1Me p olytypes were iden- 
tified. The 1M a packets how 10-A spacing along k 
3n rows within a near complete line of streaking. 
The biotites, distinguished from muscovite by 
AEM, are disordered, and sometimes have low-angle 
boundaries. A mean formula, based on ten analyses i : 
(Si2.s2All.t 9)O 10(OH)2(A10.vsMg0.69Fe~.56Ti0.02):~- 3 5(Ko.33 - 
Na0.09) and are thus A1- and Mg-rich annites. Layers 
(10-A) were observed to coherently pass laterally to 
14-,~ chlorite (Figure 4a), with some grains showing 
stacking layers alternating between layers of apparent 
10-* and 14-* spacing (Figure 4b). This explains why 
most "biotite" crystals have an apparent intermediate 
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Figure 3. SAED patterns and lattice-fringe images showing four-, five-, and six-layer sequences in dioctahedral K-rich micas 
from the epizone sample. Superperiodicity is noted both in the SAED patterns (k r 3n rows) and lattice-fringe images. Left: 
pattern view along [100] or equivalent (130); center: k-row; right: lattice-fringe image, b'p: pseudo-b* axis. 
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Figure 4. a) Solid-state transformation from biotite to chlo- 
rite; b) replacement of the biotite interlayer cation by a bru- 
cite-like octahedral sheet (see Baronnet, 1992). Anchizone 
sample. Chl = chlorite; Bt = biotite. 
composition between biotite and chlorite (L6pez-Mun- 
guira et al., (1998). Rutile (1.5-txm crystals) and Fe 
oxides are very abundant throughout the sample also. 
C90- 7 
This sample is representative of the Middle Cam- 
brian. The crystal-chemical parameters determined by 
L6pez-Munguira et al. (1998), 1C = 0.50(7) A~ and 
b = 8.997(5) A, indicate diagenesis and al~ apparent 
low-pressure regime, although this apparent regime is 
based on on-reequilibrated detritic micas, which are 
very abundant in the sample. This conclusion, reached 
by L6pez-Munguira et al. (1998) from XRD and SEM 
data, is confirmed by the AEM data in the present 
work (see below). There are no significant differences 
in the degree of mica phengitization i  the matrix be- 
tween the samples. Illite is the only phyllosilicate pres- 
ent and it exists as apparent polytypes 1M, 2M, and 
1M~. 
This sample is texturally similar to the anchizone 
sample. The crystals show anastomosed, curved, and 
open layers and low-angle edges separating (defect- 
free) packets ranging in size from --20 to 50 layers. 
C91-25 
This sample corresponds to Upper Cambrian. The 
mica crystal-chemical parameters for this sample, de- 
termined by L6pez-Munguira et aI. (1998), 1C = 0.56 
~ and b = 8.992 ,~, indicate that it is diagenetic, 
like sample C90-7. This sample was chosen owing to 
its varied mineralogy. XRD and SEM showed dioc- 
tahedral mica and berthierine as major phyllosilicate 
phases and trioctahedral chlorite as a minor phase. In 
addition, HRTEM showed sudoite (di-tfioctahedral 
chlorite) and corrensite. 
The textures obtained by HRTEM are typical of dia- 
genetic samples and similar to sample C90-7, There 
are small (15-20 layers), unoriented packets of phyl- 
losilicates with variable contrast, The phyllosilicates 
generally have a preferred orientation. Chlorite and 
berthierine are intergrown such that 7-,~ packets are 
adjacent to 14-A packets, with identical chemical com- 
positions (see below). In other cases, the chlorite and/ 
or berthierine are related to the mica, with a packet of 
one phase alternating with that of another. The ber- 
thierine is frequently associated with Fe oxides. In 
general, the most common defects are edge disloca- 
tions. 
Apparently, illite forms as 1M, 2M, and 1Me poly- 
types, although partial 10-A periodicity occurs in the 
latter. Berthierine shows random stacking (Figure 5a); 
however, a two-layer polytype was found (Figure 5b). 
Sudoite shows random stacking (Figure 5c), and chlo- 
rite is usually semi-random (Figure 5d). Sometimes, 
semi-random stacking (Figure 6, inset) is observed for 
sudoite. Figure 6 shows the lattice image of semi-ran- 
domly stacked sudoite showing short-range order. Also 
visible is a twin plane, which may help produce semi- 
random stacking when repeated frequently. 
A sequence of irregular stacking to produce appar- 
ent layers of 24-.~ (10 + 14) with some additional 14- 
,~ layers is shown in Figure 7. The 24-,~ layers may 
belong to a corrensite (chlorite + trioctahedral smec- 
tite) or mica + chlorite interlayering. Microdiffraction 
indicates pacing at 24 ,~, and the lattice-fringe image 
shows open layers suggesting smectite layers (see Fig- 
ure 7). Moreover, isolated layers with 24-A or 10-A 
intercalations within a chlorite and/or a berthierine 
crystal are common. 
Chemical composition o f  the mineral phases 
Dioctahedral micas. Table 1 shows represented anal- 
yses and a mean and standard eviation for a larger 
set of analyses. The results indicate a lack of chemical 
homogeneity. K is more abundant in the epizone, 
whereas the other zones are low in K. The Upper Cam- 
brian sample (C91-25) has low Na (Table 1) in con- 
trast to the other samples, where this cation is absent. 
Figure 8 shows phengitic (a, b, and c) and illitic (d) 
components, represented only by the mean values of 
each sample (Table 1). Figure 8a shows for sample 
ZL-11 (epizone) a higher total Fe + Mg vs. A1 content 
than expected by the degree of phengite components 
alone, which implies the possible presence of Fe 3+ 
substituting for A1 (that is, a ferrimuscovite compo- 
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Figure 5. SAED patterns of a) berthierine disordered stacking; b) two-layer polytype of berthierine; c) disordered sudoite; 
d) semi-random stacking of the trioctahedral chlorite, b'p: pseudo-b* axis. Sample C91-25. 
nent). Figure 8b and 8c confirms a ferrimuscovite sub- 
stitution, which is evident in the epizone sample but 
only slightly in the others, which are near to ideal 
phengite. 
Figure 6. Lattice-fringe image and SAED patterns (inset) of 
sudoite with disordered stacking showing short-range order- 
ing (st) and a twin plane (T). Sample C91-25. 
Figure 7. Corrensite lattice-fringe image and SAED patterns 
(inset) of the diagenetic sample (C91-25). 
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Table 1. Representative AEM data for dioctahedral mica normalized to Ow(OH)2. 
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Sample Si IrA1 ViAl Mg Fe Ti ]~Oct K Na .Zlnt 
ZL-11 
1 3.16 0.84 1.58 0.22 0.26 0.02 2.08 1.09 b.d. 1.09 
4 3.21 0.79 1.60 0.24 0.25 0.01 2.10 1.00 b.d. 1.00 
5 3.13 0.87 1.52 0.26 0.33 0.03 2.14 1.06 b.d. 1.06 
8 3.14 0.86 1.61 0.25 0.25 b.d. 2.10 1.04 b.d. 1.04 
11 3.20 0.80 1.60 0.25 0.27 0.03 2.15 0.90 b.d. 0.90 
12 3.12 0.88 1.77 0.18 0.15 b.d. 2.10 0.91 b.d. 0.91 
17 3.18 0.82 1.58 0.26 0.29 0.02 2.15 0.93 b.d. 0.93 
19 3.25 0.75 1.54 0.26 0.31 0.02 2.13 0.95 b.d. 0.95 
20 3.37 0.63 1.64 0.20 0.24 0.01 2.09 0.81 b.d. 0.81 
22 3.28 0.72 1.71 0.20 0.25 0.03 2.19 0.64 b.d. 0.64 
Mean 16 An. 3.21 0.79 1.61 0.24 0.26 0.02 2.12 0,94 n.d. 0.94 
Std 0.08 0.08 0.07 0.04 0.05 0.01 0.03 0.12 n.d. 0.12 
LP-6 
1 3.24 0.76 1.71 0.24 0.16 0.02 2.13 0.79 b.d. 0.79 
2 3.14 0.86 1.75 0.27 0.11 0.01 2.14 0.82 b.d. 0.82 
3 3.27 0.73 1.87 0.09 0.11 b.d. 2.06 0.67 0.07 0,74 
4 3.37 0.63 1.72 0.19 0.17 b.d. 2.08 0.76 b.d. 0.76 
7 3.40 0.60 1.84 0.17 0.07 b.d. 2.08 0.59 b.d. 0.59 
8 3.42 0.58 1.50 0.25 0.32 b.d. 2.07 0.93 b.d. 0.93 
12 3.22 0.78 1.76 0.18 0.15 0.01 2.10 0.81 b.d. 0.81 
13 3.18 0.82 1.71 0.19 0.13 0.01 2.04 1.03 b.d. 1.03 
17 3.13 0.87 1.77 0.14 0.18 0.01 2.10 0.91 b.d. 0.91 
19 3.11 0.89 1.78 0,21 0.10 0.01 2.09 0.93 b.d. 0.93 
25 3.12 0.88 1.95 0.08 0.03 0.01 2.07 0.79 b.d. 0.79 
Mean 21 An. 3.24 0.76 1.76 0.18 0.14 0.01 2.09 0.82 n.d. 0.83 
Std 0.12 0.12 0.11 0.06 0.07 0.01 0.03 0.13 n.d. 0.12 
C-90-7 
2 3.26 0.74 1.72 0.22 0.16 0.0l 2.11 0.80 b.d. 0.80 
6 3.22 0.78 1.75 0.15 0.15 b.d. 2.05 0.94 b.d. 0.94 
8 3.34 0.66 1.90 0.12 0.07 b.d. 2.09 0.58 b.d. 0.58 
9 3.19 0.81 1.81 0.12 0.14 0.01 2.07 0.86 b.d. 0.86 
10 3.29 0.71 1.76 0.14 0.20 0.01 2.11 0.72 b.d. 0.72 
15 3.32 0.68 1.83 0.13 0.12 0.02 2.10 0.64 b.d. 0.64 
16 3.09 0.91 1.75 0.19 0.11 0.02 2.07 0.97 0.06 1.03 
18 3.40 0.60 1.71 0.13 0.10 b.d. 1.94 1.02 b.d. 1.02 
20 3.08 0.92 1.78 0.21 0.07 0.03 2.09 0.97 b.d. 0.97 
21 3.12 0.88 1.86 0.15 0.07 0.03 2.11 0.79 b.d. 0.79 
Mean 19 An. 3.23 0.77 1.79 0.16 0.12 0.01 2.07 0.83 n.d. 0.84 
Std 0.11 0.11 0.06 0.04 0.04 0.01 0.05 0,15 n.d. 0.16 
C-91-25 
1 3.16 0.84 1.79 0.16 0.12 0.01 2.07 0.90 b.d. 0.90 
3 3.21 0.79 1.83 0.13 0.08 b.d. 2.04 0.80 0.08 0.88 
6 3.16 0.84 1.76 0.18 0.14 b.d. 2.07 0.89 0.05 0.94 
7 3.33 0.67 1.55 0.30 0.26 0.01 2.12 0.81 0.07 0,88 
8 3.24 0.76 1.74 0.21 0.10 b.d. 2.04 0.82 0.12 0.94 
10 3.22 0.78 1.80 0.12 0.11 0.01 2.04 0.90 b.d. 0.90 
11 3.21 0.79 1.79 0.16 0.12 0.02 2.08 0.84 b.d. 0.84 
12 3.22 0.78 1.90 0.09 0.06 b.d. 2.05 0.64 0.13 0.77 
13 3.27 0.73 1.78 0.16 0.15 b.d. 2.09 0.66 0.11 0.77 
14 3.22 0.78 1.85 0.10 0.03 b.d, 1.98 0.93 0.04 0.97 
27 3.19 0.81 1.86 0.07 0.14 0,01 2.08 0.71 0.07 0.78 
Mean 3.22 0.78 1.79 0.15 0.12 0.01 2.06 0.81 0.06 0.87 
Std 0.05 0.05 0.09 0.06 0.06 0.01 0.04 0,10 0.03 0.07 
Note: b.d. Below detection, n.d. Not determined. Std standard eviation. 
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Figure 8. Mean-value diagrams of the dioctahedral K-rich 
mica. Phengitic content is represented in diagrams a, b, and 
c; d) shows illite substitution; e) VlAI-Fe3+ substitution. Lines 
show the ideal substitutions. 0 : sample ZL-11 (epizone); [~: 
sample LP-6 (anchizone); o: sample C90-7 (diagenesis); A: 
sample C91-25 (diagenesis). 
Figure 8d shows an illitic substitution in the dia- 
genetic and anchizone samples. Representative alues 
are plotted, and the values of Si content plot above 
those expected for pure illite. Excess Si is caused by 
both illite and phengite components. 
Assuming that all Fe is ferric iron, an inverse rela- 
tion between Fe 3+ and A1 (Figure 8e) is noted. Guidotti 
et al. (1994) showed that even in medium redox para- 
geneses, >60% o f  the Fe in muscovite is Fe 3+. The 
following formulae are based on all iron as Fe 3§ and 
this produces more reasonable results of occupancy: 
ZL-11: (Si3.17A10.83)O10(OH)z(All.54Mg0.24Fe0.z6Ti0.o2)~z.06- 
Ko.93; LP-6: (Si3.23Alo.77)Ow(OH)2(All.72Mg0.jsFe0.13- 
Ti0.01)s~z.04K0.82; C90-7: (Si3.zoA10s0)O10(OH)2(A1LvsMg0.~5- 
Feo.13Ti0.01)~_2.0](K0.80Nao.m); C91-25: (Si3.20A10.8o)O10- 
(OH)2(Ali.76Mgo.~sFeo.~2Tio.o~)x=2.o4(IGj.8tNao.or). Thus, 
the three samples of equal or lower grade than anchi- 
zone have nearly identical composition, with the ex- 
ception of a very small paragonite component. Illitic 
(~0.8 atoms per formula unit, a.f.u., of K) and phen- 
gitic components are involved with ~0.15 a.f.u. Mg 
+ 0.13 a.f.u. Fe. The ferrimuscovite component is im- 
portant in the epizone sample, which also has abun- 
dant phengite (Mg = 0.24 a.f.u.) and a near absence 
of illite (K = 0.94 a.f.u.). 
Berthierine, chamosite, sudoite, and corrensite. Table 
2 shows the AEM analyses on chloritic materials from 
sample C91-25. Sudoite (Table 2) was deduced be- 
cause the sum of the octahedral cations is nearly equal 
to 5 and the Si content is higher than in trioctahedral 
chlorite (hereafter, chamosite where Fe rich). 
Differences in chemical composition are presented 
in Figure 9, where well-differentiated compositional 
fields are seen. Chamosite and berthierine comprise 
a field, with a high proportion of Fe. These two phas- 
es have identical chemical compositions when they 
coexist in the same sample (Abad and Nieto, 1995), 
only distinguishable by SAED and HRTEM. Sudoite 
which is characterized by high Si and V~A1 contents 
and less Fe than berthierine-chamosite comprises an- 
other field. 
A small amount of K indicates mica contamination. 
If the mica component is subtracted (Nieto, 1997) 
from the average value of each mineral phase, we ob- 
tain the following formulae with somewhat improved 
sums of octahedral cations and maintaining the same 
cationic proportions: sudoite: (Si3.5~A10.45)O10(OH)8- 
(Ali.87MgL34Fea.o~Ti~.03Mno.o0~=5.zr; berthierine: (Si2,r7- 
AI1.33)Oto(OH)8(All.48MglA 1Fe3.32Mno.o2):~_5.93; chamo- 
site: (Si2.54All.46)Olo(OH)s(All.32Mgl.27Fe3.44Tio.oJ- 
Mno.o2)>~=6.06. 
One analysis, intermediate in composition between 
mica and chlorite, corresponds to the crystal with an 
apparent 24-A spacing (Figure 7). Owing to its scar- 
city, it was not possible to verify by XRD whether this 
crystal is corrensite or an interlayered mica-chlorite. 
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An. Si WA1 VtAl Mg Fe Ti Mn ]~Oct K Na Ca l~Int 
Sudoite 
5 3.55 0.45 2.53 0.81 1.43 0.03 0.01 4.82 0.29 b.d. b.d. 0,29 
15 3.46 0.54 2.31 0.65 2.03 0.02 b,d. 5.02 0.20 b.d. b.d. 0.20 
18 3.66 0.34 2.18 1.56 1.23 0.03 0.0l 5.01 0.13 b.d. b.d. 0.13 
23 3.80 0.20 2.47 0.70 1.60 0.01 0.02 4.80 0.12 h.d. b.d. 0.12 
29 3.72 0.28 2.15 1.08 1.63 0.09 b.d. 4.94 0.25 b.d. b.d. 0.25 
81 3.61 0.39 1.80 1.36 2.04 0.01 b.d. 5.21 0.06 0.10 0.01 0.17 
271 3.78 0.22 2.33 1.20 1.38 b.d. b.d. 4.91 0.07 b.d. b.d. 0.07 
28 ~ 3.55 0.45 1.92 1.42 1.88 b.d. 0.03 5.25 0.03 b.d. b.d. 0.03 
341 3.52 0.48 2.01 1.28 1.84 b.d. 0.01 5.14 0.20 b.d. b.d. 0.20 
351 3.84 0.16 1.66 1.95 1.59 0.06 b.d. 5.25 b.d. b.d. b.d. b.d. 
Mean 14 An. 3.63 0.37 2.07 1.19 1.78 0.03 0.01 5.08 0.15 n.d. n.d. 0.14 
Std 0.13 0.13 0.29 0.41 0.28 0.03 0.01 0.17 0.09 n.d. n.d. 0.09 
Berthierine 
31 2.55 1.45 1.59 1.11 3.23 b.d. b.d. 5.93 b.d. b.d. b.d. b,d. 
81 2.54 1.46 1.64 1.25 2.92 b.d. b.d. 5.81 b.d. 0.20 b.d. 0.20 
261 2.75 1.25 1.64 1.26 2.82 0.02 0.03 5.78 0.05 b.d. b.d. 0.05 
301 2.79 1.21 1.69 1.13 2.78 0.01 0.03 5.64 0.05 0.18 b.d. 0.23 
311 2.66 1.34 1.54 1.33 3.00 b.d. 0.03 5.90 b.d. b.d. b.d. b,d. 
331 2.60 1.40 1.62 1.26 2.95 b.d. 0.04 5.87 0.05 b.d. b.d. 0.05 
Mean 2.65 1.35 1.62 1.22 2.95 0.01 0.02 5.82 0.03 0.06 n.d. 0.09 
Std 0.10 0.10 0.05 0.09 0.16 0.01 0.02 0.10 0.03 0.10 n.d. 0.10 
Chamosite 
121 2.86 1.14 1.58 1.03 3.00 0.01 0.02 5.64 0.03 0.22 0.03 0.28 
15 ~ 2.61 1.39 1.54 1.16 3.12 b.d. 0.03 5.85 0.13 b.d. 0.02 0.15 
181 2.79 1.21 1.65 1.19 2.85 0.03 0.02 5.74 0.08 b.d. b.d. 0.08 
Mean 2.75 1.25 1.59 1.13 2.99 0.01 0.02 5.74 0.08 0.07 0.02 0.17 
Std 0.13 0.13 0.06 0.09 0.14 0.02 0.01 0.10 0.05 0.13 0.02 0.10 
Berthierine-chamosite undifferentiated 
16 2.97 1.03 1.61 0.87 3.12 b.d. 0.02 5.62 0.09 b.d. 0.09 0.18 
17 3.02 0.98 1.69 0.75 3.14 b.d. 0.03 5.6l 0.08 b.d. b.d. 0.08 
20 2.66 1.34 0.98 0.55 4.57 0.01 0.01 6.11 0.13 b.d. b.d. 0.13 
21 2.87 1.13 1.83 0.75 3.00 0.01 0.02 5.61 0.08 b.d. b.d. 0.08 
25 2.73 1.27 1.63 1.28 2.86 b.d. 0.03 5.80 0.03 b.d. b.d. 0.03 
26 3.05 0.95 1.93 0.97 2.57 b.d. 0.01 5.48 0.06 b.d. b.d. 0.06 
Mean 2.88 1.12 1.61 0.86 3.21 n.d. 0.02 5.71 0.08 n.d. n.d. 0.09 
Std 0.16 0.16 0.33 0.25 0.70 n.d. 0.01 0.22 0.03 n.d. n.d. 0.05 
Corrensite 
131 3.06 0.94 1.49 2.05 2.09 b.d. 0.01 5.65 0.12 b.d. 0.03 0.15 
1 Analysis from ion-thinned sample. Chamosite and berthierine differentiated by SAED and HRTEM. 
Nonetheless,  i f  the formula is normal ized to 25 oxygen 
atoms, as suggested by Shau et al. (1990), the formula  
based on corrensite is: (Si5.41A12.54)O20(on)10(All.77- 
Mg3.vlFe3.64)~_9.14(K0.z1Ca0.05 ). The  propor t ions  show 
that this crystal  is equal to corrensite in the study of  
Shau et al. (1990) (see their Table 3, analyses 7b and 
8b), a l though with some chemical  differences: (1) a 
greater proport ion of A1 and (2) K instead of  Ca as 
the dominant  interlayer cation. Fe and Mg are in s im- 
ilar proportions. The sum of octahedral cations is -9  
a.f.u. (6 f rom trioctahedral chlorite + 3 f rom the smec-  
rite-like phase)  and the interlayer cations sum to 0.25 
a.f.u. If this phase is a mixed- layer  mica-chlor i te,  the 
sum of the octahedral cations would  be 8 and the in- 
terlayer cations would add to 1 a.f.u. 
D ISCUSSION 
The observed rock textures are not typical of  fine- 
grained pelitic rock as descr ibed by others (e.g., Ahn 
and Peacor, 1986). Owing  to the greater percentage of  
coarse detritic material ,  directed pressure does not pro- 
duce phyl losi l icates as near parallel packets,  but in- 
stead phyl losi l icates r im quartz and albite grains (Fig- 
ure 1). Consequent ly ,  phyl losi l icate packets are fre- 
quent ly crossed, fo rming wide angles (Figure 2) that 
are uncommon in samples  f rom pelitic sequences.  
The only apparent change in the texture occurr ing 
with metamorph ic  grade involves the size and number  
of  crystal l ine defects. Thus,  phyl losi l icate packets  are 
wider and more defect-free with increasing metamor-  
phic grade ( -15  layers in the shal low diagenetic zone 
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Figure 9. Compositional differences between chloritic ma- 
terials from sample C91-25. a) total A1 vs. Fe + Mg; b) Si 
vs. Fe. (>: sudoite; x: berthierine; o: chamosite; /k: berthier- 
ine chamosite undifferentiated; D: corrensite. 
to >80 layers in the epizone), which is consistent with 
the results of Merriman et al. (1990) and Wart and 
Nieto (1998) and the physical meaning of IC. Al- 
though, this parameter cannot be used as the only 
guide to establish the grade of metamorphism because 
of kinetic factors, it does provide a good approxima- 
tion to describe metamorphic grade, as determined 
from many geological terrains (Kisch, 1987). 
The lowest-grade diagenetic sample, C91-25, is 
similar to the highest-grade sample from the Basque- 
Cantabrian Basin, both chemically (see Nieto et al., 
1996, Table 1, sample CG-5) and texturally. Sample 
CG-5 of Nieto et al. (1996) represents a link between 
burial diagenesis (Basque-Cantabrian Basin) and the 
initiation of tectonic metamorphism (this study). 
The 1M and 2M polytypes of the white-micas are 
present in all samples. The IMd polytype occurs in the 
anchizone and diagenetic zone, but apparent long-pe- 
riod polytypes occur only in the epizone sample. The 
coexistence of these polytypes indicates a lack of equi- 
librium throughout he series, and local conditions 
must determine which polytypes are present. Hence, 
the occurrence of different polytypes is independent of 
the general metamorphic conditions. 
Only the epizone shows a change in composition of 
dioctahedral micas, passing from --0.82 a.f.u, interlay- 
er cations (illite) in the diagenesis and anchizone to 
0.94 a.f.u, interlayer cations (muscovite/phengite) n 
the epizone. A compositional gap seems to occur be- 
tween illite and phengite, with illite in the diagenetic 
zone and anchizone to phengite in the epizone, with 
no intermediate steps between one mineral phase and 
the other, similar to what was found by Jiang et al. 
(1992). The greater amount of ferrimuscovite in the 
epizone sample (ZL-11) is likely related to the whole- 
rock composition; L6pez-Munguira et al. (1996) found 
a ratio of FeO/FezO3 = 0.14 for epizone rocks, as com- 
pared to 0.33 for the anchizone and 0.61 for the dia- 
genesis. Guidotti et al. (1994) showed that the opaque 
assemblage ( .g., hematite in sample ZL-11) may be 
used to estimate the Fe3+/Fe 2+ ratio in muscovite and 
that oxidation state is the main factor controlling the 
extent o which V~A1 is replaced by Fe 3+. 
The coexistence of sudoite, berthierine, chamosite, 
and corrensite confirms lack of equilibrium, because 
the stability field of sudoite is at a lower temperature 
than that of trioctahedral chlorite (Fransolet and 
Schreyer, 1984; Franceschelli et al., 1989; Vidal et al., 
1992) and berthierine is a metastable polymorph with 
the same composition of chlorite (Abad and Nieto, 
1995). The chloritic materials how complete order to 
disorder in polytype stacking (Figure 5). The lattice 
image of sudoite (Figure 6) reveals short-range order, 
with interruptions by twin planes. However, long- 
range order is absent (inset, Figure 6). 
Corrensite differs in composition from those de- 
scribed by others (e.g., Shau et al., 1990), with a high 
proportion of A1, K as the interlayer cation, and Fe 
and Mg present in similar proportions. The evolution 
from smectite to chlorite in basic systems (Shau et al., 
1990; Inoue and Utada, 1991) occurs through inter- 
stratification (including corrensite). Notwithstanding, 
in pelitic rocks, chlorite can crystallize directly (e.g., 
Peacor, 1992) owing to the Fe/Mg bulk composition 
of the rock. When the proportion is Fe > Mg (pelites), 
the evolution is direct, but when the proportion is Fe 
< Mg (basic rocks), corrensite is formed (Shau et al., 
1990). In the pelitic sample here, the Fe/Mg ratio of 
the rock is 3:1 (Lopez-Munguira et al., 1996), al- 
though the Fe/Mg proportion of corrensite in sample 
C91-25 is approximately 1:1 (see Table 2); that is, it 
would represent a limiting ratio for corrensite forma- 
tion. Therefore, with disequilibrium occurring for 
these environments, corrensite may or may not form, 
depending on the local chemistry for each sample area. 
Nevertheless, corrensite formed within pelitic rocks, 
would present a composition rich in A1, Fe, and K, 
and Ca-poor which is consistent with the bulk chem- 
istry of pelites. 
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